Design of a novel micro-laser formed by monolithic integration of a III-V pillar with a silicon photonic crystal cavity by Wang, Zhechao et al.
Design of a Novel Micro-Laser Formed
by Monolithic Integration of a III-V Pillar
With a Silicon Photonic Crystal Cavity
Zhechao Wang, Member, IEEE, Bin Tian, and Dries Van Thourhout, Member, IEEE
Abstract—A novel micro-laser configuration formed by inte-
grating an InGaAs/InP pillar with a silicon photonic crystal cavity
is proposed and analyzed in detail. Special attention is paid to de-
signing the cavity such that it can accommodate large-size pillars
without performance compromise. The Purcell effect is studied
and predicted to be significant because of the close interaction
between the cavity modes and the gain medium. An overall quality
factor as high as 1 and a spontaneous emission factor
close to unity are predicted. Possible limiting factors for laser
performance, such as surface non-radiative recombination and
the thermal dissipation properties are analyzed, and it is found
that the proposed laser design is very robust. This comprehensive
analysis suggests that the proposed micro-laser is a promising
candidate for large-scale integration of micro-lasers on silicon for
low power consumption applications, such as intra-chip optical
communications.
Index Terms—Laser materials, micro-resonator, photonic
crystal laser, Purcell effect, silicon photonics.
I. INTRODUCTION
D RIVEN by demands from optical I/O, telecommunica-tions, optical computing and other applications, extensive
research is being carried out in the field of integrating III-Vs on
silicon [1]–[7]. Besides bonding based integration methods [1],
[2], which have been very successful in demonstrating a wide
range of functional diversity and good device performance, epi-
taxial growth of III-Vs on silicon recently regained interest both
for material science and optical engineering [3]–[5]. Despite the
large lattice mismatch between silicon and typical III-V mate-
rials, considerable improvements in both material quality and
device performance were achieved through technologies such
as lattice-matched growth [6], [7], the use of a self-organized
dislocation network [8], [9], lateral epitaxial overgrowth [10]
or quantum dot epitaxy [11], [12]. All of these technologies
typically are used for growing large areas of III-V based ma-
terials. While this is interesting for some applications, this is
Manuscript received December 12, 2012; revised February 07, 2013;
accepted March 10, 2013. Date of publication March 13, 2013; date of
current version March 29, 2013. This work was supported in part by the
EU ERC starting grant ULPPIC and the Belgian Science Policy Office (IAP
P7/35—photonics@be).
The authors are with the Photonics Research Group, INTEC-department,
Ghent University-IMEC, Ghent 9000, Belgium and Center for Nano- and
Biophotonics (NB-Photonics), Ghent University, Ghent 9000, Belgium
(e-mail: zhechao.wang@intec.ugent.be; bin.tian@intec.ugent.be; dries.van-
thourhout@intec.ugent.be).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2013.2252600
not always strictly necessary for the device under considera-
tion. In such cases it might be more interesting to focus on a
localized epitaxial growth process, which consumes much less
of the expensive growth precursors and might require less or
even no processing steps after epitaxy. One approach for local-
ized growing good quality material is using the so-called de-
fect necking effect [13]. When growing in a narrow trench, this
effect prevents dislocations to propagate upwards from the lat-
tice mismatched interface. Using this approachWang et al. [14],
[15] demonstrated the growth of defect-free InP in narrow silica
trenches formed on a silicon substrate using MOCVD. While
originally targeted towards realizing high-performance transis-
tors, these pillars possibly may also form the basis for realizing
low threshold micro-sources on silicon.
The aim of this paper is to investigate through detailed the-
oretical and numerical analysis if the combination of such a
InP/InGaAsP pillar with a predefined silicon photonic crystal
(PhC) cavity can form a low threshold laser. The PhC cavity
is employed here mainly for its small mode volume and
high quality factor , which both should help to minimize the
threshold current [16]–[18]. In addition, the associated Purcell
effect [19] could further reduce the threshold current [20] and
increase the modulation bandwidth [21], [22]. Threshold-less
lasing has been demonstrated in devices where the spontaneous
emission factor was increased to unity [23]–[26]. In this
work we will focus on one-dimensional (1-D) PhC cavities,
which, compared to the more extensively explored two-dimen-
sional PhC cavities, can achieve a sufficiently high Q/V factor
within a much smaller overall footprint. Although the introduc-
tion of a high-index pillar within the cavity degrades its per-
formance [27], we will show that, in the proposed case, the
cavity performance can be almost completely recovered by en-
gineering the pillar geometry.
II. LASER CONFIGURATION, GAIN THRESHOLD AND PURCELL
EFFECT
Fig. 1 shows the proposed laser configuration, in which a
cavity is formed by etching two one-dimensional hole-arrays
into a silicon waveguide with a thickness of 220 nm. Optical
gain is provided by an InP/InGaAs/InP heterostructure, located
in the center of the cavity. indicates the total height of the
III-V pillar.
Very similar to the transistor structure proposed in reference
[14], [15], this pillar can be fabricated by etching a trench
through the silicon waveguide and silica buffer, and then
performing epitaxial growth of III-Vs directly on the silicon
Fig. 1. (a) Three-dimensional sketch and (b) top view of the 1-D PhC cavity
coupled with an InGaAs/InP pillar grown from the silicon substrate underneath.
Insert: cross section view of the central cavity region. The InGaAs layer is 150
nm thick.
substrate. An insert is provided to give the cross section view
of the heterostructure inside the trench. The InGaAs layer,
which provides the optical gain, is sandwiched between two
InP layers. It is assumed to be 150 nm thick and is aligned in the
middle of the silicon waveguide for better optical confinement.
Different from a conventional waveguide based laser, the PhC
cavity in the proposed laser configuration tightly confines the
optical mode into a very small region . The strong
coupling between optical modes and gain medium can change
the spontaneous emission rate dramatically. This so-called Pur-
cell effect [19] can be quantified through the Purcell factor ,
whose expression is given by [24]–[26]:
(1)
where , and are the effective mode volume, and central
wavelength of the cavity mode. n is the refractive index at the
field maximum. is the larger of either the electron transition
broadening or the cavity resonance linewidth. Given the high
quality factor of the PhC cavity, homogeneous broadening of
the electron transition becomes dominant ( 5 nm [29]) here
and determines . The expression for the mode volume
is given by:
(2)
where is the electric field, is the spatially dependent
refractive index distribution and is the spatial coordinate.
Thanks to the Purcell effect, the spontaneous emission factor
, being the fraction of spontaneous emission radiated into the
resonance mode can be greatly enhanced and can be calculated
as:
(3)
thereby represents the fraction of spontaneous emission that
is coupled into leaky modes and all nonlasing modes. The cou-
pling to nonlasing modes can be greatly suppressed in a nano-
cavity that has a very large free spectral range, while the cou-
pling to leaky modes has been calculated to be close to unit
[26] for a structure that is very similar to the one discussed
in this paper. For simplicity, is used in the following
calculations.
Taking the Purcell effect into consideration, the rate equations
of an optically pumped laser can be rewritten as:
(4)
(5)
where and are the carrier and photon density, is the
active region surface area, is the group velocity, is the
surface recombination velocity, is the spontaneous emission
rate without cavity confinement, is the Auger recombina-
tion rate, is the absorbed pump power, is the emitted
photon energy and is the photon lifetime. is the de-
pendent material gain, which can be expressed as
[30]. is the differential gain
coefficient, is the transparent carrier density and is a fit-
ting parameter. The optical gain calculated at threshold is used
as a measure to evaluate the overall laser cavity performance.
However, due to the large contribution of spontaneous emis-
sion in a micro-cavity with high . it is not straightforward to
give a simple expression for the gain threshold [28]. It is also
tricky to define the threshold of such laser cavities because of the
smooth transition from spontaneous emission dominated oper-
ation towards laser operation. In Sections III–VI, we will adopt
the threshold condition given in [28] and defined as the oper-
ating point whereby the net simulated emission equals the spon-
taneous emission. Full simulation based on the rate equations
with carrier-dependent gain was performed to find out the car-
rier density at threshold, based on which the threshold gain is
calculated.
III. ONE DIMENSIONAL PHOTONIC CRYSTAL CAVITY DESIGN
In order to achieve low threshold laser operation, the design
of a cavity with high quality factor is critical. The one dimen-
sional (1-D) PhC cavity first proposed by Foresi in 1997 [16]
was still relatively lossy . Recent work however has
demonstrated Q-factors up to for such cavities [31], [32].
Here, we adopt an optimization approach similar to that used
in the latter case: gradually tapering hole diameter and PhC pe-
riod to realize a smooth transition between waveguide mode and
Bloch mode. In this way, the cavity loss can be effectively re-
duced. Three dimensional (3-D) finite-difference time-domain
(FDTD) modeling was used as the simulation tool, and the sil-
icon waveguide dimension was set to 520 nm 220 nm in all
simulations.
Fig. 2. (a) Top view of the optimized PhC cavity, which has two typical mode
distributions: (b) symmetric mode and (c) asymmetric mode. The PhC cavity
outline has also been plotted for better visualization of the mode confinement.
The PhC cavity optimized parameters are listed in Fig. 2(a).
A sketch of the PhC cavity with optimal geometrical param-
eters can be found in Fig. 2(a). Six holes with uniform period
and radius are employed as the main PhC reflector,
while four holes with varying periods and ra-
dius are placed between the PhC mirror and
the cavity region. The cavity length is defined as the
distance between the two inner period sections. The optimal
design can be found in the insert of Fig. 2(a). Since the sup-
ported quasi-transverse-magnetic (quasi-TM) modes exhibit a
high loss and are located far away from the maximum of the
material gain spectrum, we will only consider quasi-TE modes
in the following.
Generally speaking, there are two different types of modes
that are supported by the cavity: symmetric modes and asym-
metric modes. Their typical mode distributions ( field) can
be found in Fig. 2(b) and (c). Asymmetric modes have an am-
plitude minimum at the cavity center. Introduction of a III-V
pillar (see the dashed rectangle in Fig. 2(a)) will severely disturb
the mode distribution, leading to higher cavity loss. To the con-
trary, the mode distribution of symmetric modes will not change
much by the III-V pillar, leading to low cavity loss. The large
quality factor difference between symmetric and asymmetric
modes will allow single mode operation. Therefore, we will
only consider symmetric modes in the following discussion.
Fig. 3 shows the calculated resonance wavelengths of the
first two symmetric modes against the cavity length. For shorter
cavity lengths, the first order mode is located at the band edge.
Since its electric field is weakly confined, it will leak through
the finite length PhC (see a typical mode distribution in the in-
sert of Fig. 3) and one can expect low quality factors for the first
order modes. At the same time, when the cavity length is rela-
tively long nm , second order modes are well located
in the bandgap center, thus high quality factors, i.e., low cavity
loss, can be expected. A longer cavity length is also preferable
from the perspective of the envisaged laser application, since in
that case larger III-V pillars can be accommodated by the cavity.
Therefore, higher optical confinement in the active region can be
achieved, providing more optical gain. In the following discus-
sion, we will adopt 630 nm as the optimal cavity length. The cor-
responding quality factor—without III-V pillar—is calculated
to be 5 .
Fig. 3. Resonant wavelengths of the first and second order symmetric modes
for different cavity lengths. Insert: typical optical mode distributions of thee first
and second order modes. Dashed lines indicate the bandgap of the 1D-photonic
crystal forming the mirrors.
IV. III-V PILLAR COUPLED WITH THE PHC CAVITY
By introducing InGaAs/InP pillars inside the PhC cavity, the
optical field can be amplified by pumping the III-V heterostruc-
ture. When the optical gain overcomes the cavity loss, laser be-
havior is expected. In this section, we present detailed simu-
lation results of the cavity. As a starting point, we calculate the
quality factor of a PhC cavity with a 150 nm 200 nm sized In-
GaAs/InP pillar. The total pillar height (see Fig. 1) is assumed
to be 1 m in the following analysis (the corresponding
thickness is 780 nm). This is a good comprise between cavity
performance and fabrication challenges, as will be discussed
later. The quality factor is calculated to be 2.5 , which is
two orders of magnitude lower than the cavity without a pillar.
The extra cavity loss could come from the enhanced upwards
out-of-plane light leakage due to the disturbance of the optimal
mode distribution, and/or due to the downwards light leakage
through the high index pillar that physically connects the cavity
and substrate. The out-of-plane leakage can be investigated by
decomposing the electric field into a set of plane wave com-
ponents with various k-vectors using a spatial Fourier transfor-
mation and analyze the fraction of k-vector that falls into the
light cone [33]. Fig. 4(a) and (b) shows 2-D Fourier transforms
of the cavity modes without and with a pillar. The white circle
indicates the leakage region. As one can see, the k-vector distri-
bution in the white circle is barely changed after introducing the
pillar, which indicates that the out-of-plane leakage contributes
little to the enhanced cavity loss.
The downwards leakage can be visualized by plotting the
cross section of the cavity mode in natural log scale (see
Fig. 4(c)). Due to the high-index nature of the InGaAs/InP
pillar, the optical mode is guided towards the substrate, leading
to leakage loss. Luckily, the reduced quality factor can be par-
tially restored by optimizing the InGaAs/InP pillar geometry.
Fig. 4(e) shows the quality factor calculated for different pillar
lengths. When is larger than 450 nm, the quality factor
rapidly increases by one order of magnitude, and then saturates
when approaches the physical limit of the cavity length.
Fig. 4(d) shows the cross section of the cavity mode when
Fig. 4. 2D Fourier transforms of cavity modes (a) without and (b) with a In-
GaAs/InP pillar. Cross-sectional view of the field distributions of cavity modes
with a (c) 200 nm and (d) 700 nm long InGaAs/InP pillar, on a logarithmic scale.
(e) calculated cavity quality factors (solid line) and mode volumes (dashed line)
for different pillar sizes.
nm. The increased volume of InGaAs material
helps to lift up the mode profile from the
substrate, which reduces the leakage considerably. Simulation
shows that the leakage loss is almost one order of magnitude
lower when nm, compared to the case when
nm. We also plot the mode volume against pillar
size in Fig. 4(e) by using expression (3), and one can find that
the mode volume increases as pillar size increases, although
the absolute value change is very limited.
A more comprehensive analysis of the laser mode is pre-
sented in Fig. 5, in which quality factor, resonant wavelength,
confinement factor, threshold gain and Purcell factor are
scanned for different pillar dimensions. As expected, both the
resonant wavelength and the optical confinement factor in the
active region increase sharply as the pillar size becomes larger
(see Fig. 5(b) and (c)). This is mainly due to the buildup of
effective refractive index that arises from the pillar size expan-
sion. The evolution of the quality factor presented in Fig. 5(a)
is more complicated. Similar to what has been observed in
Fig. 4(e), when is fixed, the quality factor has minimal and
maximal values around nm and nm
respectively. However, when fixing , a monotonic increase
of quality factor is observed as is reduced. Generally
speaking, longer pillar lengths help to lift up the optical mode,
leading to less substrate leakage loss while narrower pillar
widths help to minimize the mode distortion, resulting in radia-
tive loss reduction. Quality factors close to 1 are obtained
when nm and nm, which is less than
one order of magnitude worse than the original optimized PhC
cavity without pillars.
The threshold gain calculated by performing a full analysis
of the rate equations with carrier-dependent gain is presented in
Fig. 5(d). As one can expect, the variation of as function
of the pillar dimension is roughly opposite to the trend of the
quality factor. To give a better view of the low threshold region,
the inset of Fig. 5(d) shows as function of for
fixed to 700 nm. A minimal value of 10 cm is obtained when
nm. Since the confinement factor decreases sharply
when drops below 100 nm, increases again as be-
comes smaller than 100 nm. The obtained very small threshold
gain (10 cm ) shows that the proposed laser cavity design is
very promising for further experimental demonstration. Even
in the case where a wider pillar width (200 nm, for example)
Fig. 5. Variation of (a) quality factor, (b) resonant wavelength, (c) optical con-
finement factor in active region, (d) threshold gain and (e) Purcell factor for dif-
ferent pillar width and pillar length . Insert in (d): threshold gain
calculated for different pillar width (wact) when Lact is fixed to be 700 nm.
would be chosen for ease of fabrication, and fabrication errors
introduce one order of magnitude higher loss, threshold gain can
still be kept below 1000 cm , which can be easily provided by
a InGaAs/InP heterostructure [30].
As predicted in Section II, the Purcell effect will be significant
in this structure due to the compact mode volume. Since most
of the parameters are fixed in (2), the calculated Purcell factor
is mainly determined by the mode volume . As
already presented in Fig. 4(e), mode volume increases slightly
as the pillar size increases, therefore the Purcell factor is max-
imized when the pillar size is small (50 nm 200 nm) while
it is smaller when the pillar size is large (200 nm 700 nm).
However, the calculated value does not change much across
the whole parameter scan, and by using (3), the spontaneous
emission factor is estimated to be larger than 0.96 in the worst
case. Therefore, threshold-less laser behavior can be expected
when other carrier loss mechanisms, e.g., surface non-radiative
recombination, are negligible.
Due to the large surface-to-volume ratio of the InGaAs/InP
pillar, surface non-radiative recombination could become the
critical factor limiting the laser performance though. Although
it is widely recognized that InGaAs has at least one order of
magnitude lower surface recombination velocity compared
with other III-V materials, e.g., GaAs, there is still a large vari-
ation of measured values in literature, associated with the large
differences in growth conditions and passivation treatments
[34]–[36]. Here, we adopt the results from [34] as a starting
point, and scan threshold pumping power as changes. The
steady state solution of (6) is used in the calculation. A relative
large pillar size nm nm is chosen in
this case to relax the fabrication challenges. From the results
presented in Fig. 6, it is found that although the threshold pump
power is relatively high due to the larger active region size,
Fig. 6. Threshold pump power calculated for different surface recombination
velocities. Parameters used for rate equation calculation are: cm ,
cm , cm , cm
and cm , the pump light wavelength is 1.1 m.
Fig. 7. Calculated quality factors for different silica buffer layer thicknesses.
Pillar width and pillar length are 150 nm and 700 nm, respectively.
it only increases by 100% when is increased by one order
of magnitude. This proves that the proposed laser design can
tolerate relatively high surface state density of the gain media.
The main fabrication challenge of this cavity design is the rel-
atively high aspect ratio of the narrow trench that is etched down
to the silicon substrate for the InGaAs/InP epitaxial growth. A
thinner silica buffer is preferable to reduce the required etching
depth. However, it will also result in higher leakage loss. In
Fig. 7, we plot the calculated quality factor as a function of
the silica buffer thickness. When the buffer is sufficiently thick,
the quality factor varies mainly due to the interference between
the downwards propagating light and the light reflected by the
silica/silicon interface. Therefore, one can optimize the silica
buffer thickness to obtain a higher quality factor.When the silica
buffer is less than 600 nm, leakage loss becomes dominant, de-
creasing the quality factor sharply. A thickness of 600 nm for
the buffer layer seems to be a good trade-off between ease of
fabrication and cavity performance.
V. THERMAL DISSIPATION OF THE LASER CAVITY
Heating considerably limits the performance of most PhC
based micro-lasers and is mainly caused by the low conductivity
of the typical cladding layers (air, silica) that prevents efficient
Fig. 8. (a) Top-view and (b) side-view of a typical heat flux distribution in the
proposed laser cavity design ( nm, nm). (c) Calculated
portion of heat that sinks from the InGaAs/InP pillar and the silicon waveguide.
heat dissipation. In the proposed laser configuration, since the
InP pillar that connects the active region with the substrate has a
high thermal conductivity , it can act as a good
heat sink. Moreover, by carefully choosing the pump wave-
length, e.g., 1.3 m, carriers will be generated only in the active
region, eliminating other unwanted heating effects. In this sec-
tion, wewill analyze the thermal properties of the proposed laser
design. All simulations are implemented in COMSOL, a com-
mercial software package based on the finite-element-method
(FEM). A volume source with energy density of is
uniformly distributed across the active region. Only conductive
heat transfer is simulated, while convection is neglected.
Fig. 8(a) and (b) show a typical heat flux distribution. It is
obvious that the heat dissipation through the InGaAs/InP pillar
is indeed very efficient.
(6)
In order to calculate the proportion of heat that is dissipated
through the pillar, (8) is employed to integrate the heat flux that
goes through the bottom surface. is the calculated heat flux,
and indicates the bottom surface of the pillar. Similarly,
by replacing the integration surface with boundaries around the
active region, one can also calculate the total heat flux. Simula-
tion results can be found in Fig. 8(c). It can be found that most
of the heat is conducted through the pillar even when the pillar
size is small. More heat can be guided down to the substrate by
increasing the pillar length
(7)
Finally, (8) is employed to calculate the thermal resistance
of the proposed laser design. is the average temperature
in the active region, and the denominator of (8) is the total heat
energy generated from the source. Simulation results are plotted
in Fig. 9. As expected, the thermal resistance of laser cavities
with a pillar is almost one order of magnitude smaller than that
of cavities without pillars. Moreover, by increasing the pillar
length, one can further decrease the thermal resistance. This is
an important advantage of the proposed structure.
VI. CONCLUSION
We have presented the design and detailed analysis of a
micro-laser configuration that can be monolithically integrated
on a silicon substrate. The laser operation mainly relies on
Fig. 9. Thermal resistance of the laser cavity calculated for different active
region lengths, when there is a pillar or not between the active region and silicon
substrate.
the close interaction between the silicon PhC cavity and the
InGaAs/InP pillar inside. We have numerically proven that the
increase of cavity loss after introducing the InGaAs/InP pillar
is mainly substrate leakage rather than radiation loss, and it
is possible to reduce it by optimizing the pillar dimensions.
An overall quality factor as high as 1 has been achieved
by employing a pillar size of 100 nm 650 nm. We have
also demonstrated the laser performance by detailed numerical
calculations, and very low threshold operation 10
has been predicted even by taking surface non-radiative re-
combination into consideration. A remarkable Purcell effect in
this cavity design has been observed, and a unity spontaneous
emission factor is predicted. In addition, thermal dissipation
analysis was performed and we have shown that most of the
heat generated in the active region is guided through the In-
GaAs/InP pillar down to the silicon substrate, which greatly
reduces the thermal resistance of the overall structure.
Compared with the work demonstrated in [14], [15] where
similar III-V structures on silicon were grown for realizing high
speed transistors, the main fabrication challenge of the proposed
laser configuration lies in etching the relatively high aspect-
ratio trench into the silicon substrate. A somewhat larger trench
size (e.g., 150 nm 700 nm) helps to relax the dry etching
process, while still allowing for low threshold operation. Par-
ticular attention is still needed to obtain a vertical and smooth
trench sidewall to prevent defect formation in the subsequent
epitaxial growth. A protective mask, e.g., a thin silica layer,
should be employed to ensure that the III-V materials only grow
in the trench. Experimental verification of the different pro-
cesses needed for realizing this device is currently being carried
out. The proposed micro-laser configuration, which has ultra
low-threshold and improved thermal dissipation, shows great
promise for intra-chip optical communication and other appli-
cations that have stringent requirements on power consump-
tion. It also shows the great potential and enormous benefits by
bridging two unique material platforms—Silicon and III-V—in
the epitaxy level, which may have significant impact on the pho-
tonics industry.
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